Using ab-initio density functional theory we study the role of interstitial hydrogen on the energetics of the phase transformation of iron from bcc to hcp along Bain's pathway. The impurity creates an internal stress field that can be released through a tetragonal distortion of the lattice, promoting the bcc (ferromagnetic) → fcc (frustrated antiferromagnetic) → hcp (ferromagnetic) transition. The transformation between crystal systems is accompanied by a drastic magnetic reorganization and sudden variations of the unit cell volume, that can be one of the reasons for embrittlement and mechanical failure of iron upon hydrogen adsorption. PACS numbers: 62.20.mj,,81.30.Kf 
unstable and driving the unit cell towards a phase transition to a face-centered cubic lattice (fcc) first, and then an hexagonal one (hcp). Absorption on the tetrahedral site, on the other hand, results in a more isotropic stress distribution and merely provokes an increase of the volume. There has been an ongoing controversy in the literature about the actual absorption site for interstitial hydrogen in ferromagnetic bcc iron. This is partly related to the fact that the two competing available high-symmetry sites are very similar in energy, making difficult to accurately decide between them because of the many different factors involved.
In particular, as the computed energy difference between them is similar to k B T at room temperature, an equilibrium distribution between both sites should exist. Furthermore, external stresses can contribute to the energy enough to influence that distribution, and a many-body contribution depending on the interstitials density can influence the final distribution. Currently accepted wisdom takes the tetrahedral site (T) as the most likely absorption site for the low-temperature, low-density phase, while the octahedral site (O) is preferred for large concentrations of interstitials. [9] [10] [11] From a physical point of view, this is related to the internal stress originated from the occupation of O-sites, causing a tetragonal distortion of the bcc lattice and making unfavorable the occupation of T-sites for large densities of interstitials. Generally speaking, overall hydrogen solubility in bcc iron is low, favoring the occupancy of T-sites. However, occupation of O-sites cannot be neglected under some circumstances, e.g.: (i) if there is a local accumulation of interstitial hydrogen, e.g. due to preferential nucleation near defects, which would keep solubility low over the whole sample but affect significantly the local characteristics of the material, [12] (ii) large solubilities due to high external pressure, as it is believed to be the case in the Earth's core, [7] , and finally (iii) because an externally-driven tetragonal distortion of the lattice definitively favors the occupation of O-sites over T-sites. Furthermore, a tetragonal distortion of the required kind happens naturally along the pathway introduced by Bain to account for the phase transformation between bcc and fcc iron. [13] A self-sustained scenario can be realized here: the tetragonal distortion behind the phase transition favors the occupation of O-sites, and in turn, increasing the population at these sites drives the necessary distortion for the phase transformation. In this paper, we shall study the modification of kinetics barriers for a bcc → fcc → hcp transformation due to the role of interstitials occupying O-sites.
The tetragonal distortion of the bcc lattice belongs to the group of martensitic transformations, which represent a diffusion-less, cooperative, homogeneous movement of the atoms providing a change in the crystal structure that can be monitored by symmetry operations, lattice distances and or unit cell volumes. [13, 14] Adsorbing hydrogen in O-sites deforms the bcc lattice into a body-centred-tetragonal (bct) phase (Fig. 1) . [10] The tetragonal distortion consists of a contraction upon two of the cubic axes (a = b), while the third one expands (c). When the c/a ratio reaches the value √ 2 the bct lattice becomes facecentred-cubic (fcc), also known as γ-Fe, a stable frustrated antiferromagnetic phase of iron. it retains at each step the highest possible crystal symmetry, (ii) it is simple, and (iii) it contains the lattice deformation expected for hydrogen occupation of O interstitials.
Theory. Ab initio calculations have been carried out in the framework of DFT and pseudopotentials theory. [15, 16] Actual calculations have been performed with the CASTEP code.
[17] The Born-Oppenheimer approximation is used; ions are considered classical objects moving under the forces created by electrons obeying Schrödinger equation. Ultrasoft pseu-dopotentials are used to describe Fe and H, and wavefunctions are expanded in plane-waves with a cut-off energy of 375 eV. The generalized gradients approximation for the exchange and correlation potential due to Perdew, Burke and Ernzernhof [18] has been chosen, and spin-polarized bands are considered to account for magnetism. The accuracy of our calculations is determined by the quality of the pseudo-potential, the cut-off energy, and the density of the k-points mesh used in the irreducible part of the Brillouin zone (a MonkhorstPack mesh of 10x10x10 [19] ). The choice of these values for our calculations is related to previous studies where conditions for good convergence on relevant properties of iron such as the lattice parameter, magnetization, or bulk modulus have been assessed [10] . Other (Fig. 2) . We have computed structural parameters and elastic constants for these three configurations (upper sections in Tables I and II) : there is an overall good agreement with the available experimental data and all the elastic constants are positive and consistent with the symmetry, proving that they are truly locally stable minima. We notice, however, that theory predicts a frustrated antiferromagnetic fct phase (c/a ≈ 1.5), not a pure fcc cristal (c/a = √ 2) as it has been experimentally reported. [20] In agreement with other authors we remark the importance of magnetism to understand the phase diagram of iron. [21] [22] [23] [24] The contribution to the total energy of magnetism is itself small, but crucial since it is similar to differences between local minima and barriers (≤ 0.2 eV/unit cell). Furthermore, every important change in the magnetic state (from FM to AF, to NM) is accompanied by a corresponding sudden change in the unit cell volume: a decrease in the volume increases the overlap of electrons in the sp-like bands increasing the delocalization energy (kinetic) and reducing the strength of magnetism (Fig. 2a) .
Interstitial hydrogen absorbed on the octahedral site has an important effect on the above picture. The internal pressure on the bcc lattice is approximately given by the stress tensor:
It is obvious how this internal stress is responsible for the bct deformation of the unit cell that drives the system along the Bain's pathway towards the fcc first, and subsequently to an hexagonal phase reached by a mere shear and a shuffle of the atoms in the unit cell. [25] We notice in passing that hydrostatic pressures between 10 and 20 GPa mark the onset of the transformation between the bcc and the hcp phases at low temperatures. [26] The internal pressure derived from the hydrogen presence is in the same range of values, therefore the behavior in Fig. 3 , where barriers for the phase transformation have disappeared, is not at all surprising. During this transformation the magnetic interaction gets weaker in the region c/a ≈ 1.5 − 1.6, and the volume of the unit cell is accordingly reduced by ≈ 15%. This is in good agreement with the experimental evidence for the -Fe phase, where it is known that hydrogen does not absorb in tetrahedral sites, and magnetism is weak. [27] In particular, the non-magnetic hexagonal structure for clean Fe (c/a = 1.63) is believed to exist at high pressure in the Earth's core. [27] However, in the presence of interstitials we observe how the system is pushed further along the path to reach a sharp minimum at c/a = 1.71 (γ = 60
where the volume increases again and the the ferromagnetism is restored in the material.
Variations in the volume of the unit cell reflect the need of the system to minimize internal stresses, but these changes, now nearly twice the ones for clean iron, facilitate the appearance of defects in the material. Similarly to pristine iron, experimental and theoretical parameters in Tables I and II This process inhibits the γ to α phase transition because small nucleation seeds are formed that will grow by attracting further hydrogen diffusing fast at high temperatures. 
